The recreational use of 3,4 methylenedioxymethamphetamine (ecstasy) in humans has been associated with memory impairment. The present study examined whether ecstasy impairs short-and long-term working memory and the pattern of arm entries in rats tested in the 8-arm radial maze with a 2-hr delay. After completing the training session, the rats were given a single dose of ecstasy (1, 2, or 3 mg/kg ip) 20 min before the test. The highest dose slightly affected shortterm working memory. Under conditions of delay, there was a progressive deficit in long-term working memory, starting from 1 mg/kg. Under both test conditions, 2 and 3 mg/kg flattened the pattern of arm entry. None of the doses caused hyperlocomotion or stereotypy in the radial maze. These findings suggest that acute ecstasy mainly affects the long-term components of working memory and disrupts the pattern of arm entry in a way similar to serotonergic agents.
moderate-to-heavy users (Bolla, McCann, & Ricaurte, 1998; Dafters, Duffy, O'Donnell, & Bouquet, 1999; Klugman, Hardy, Baldeweg, & Gruzelier, 1999; Morgan, 1998; Wareing, Fisk, & Murphy, 2000) .
Few experimental studies have attempted to relate the consequences of acute or chronic use of ecstasy with cognitive impairment. Ecstasy significantly reduced the acute response accuracy but did not affect the response rate at a dose of 1 mg/kg in rhesus monkeys in an operant test battery learning task (Frederick, Gillam, Allen, & Paule, 1995; Frederick & Paule, 1997) . However, Thomson, Winsauer, and Mastropaolo (1987) reported that acute ecstasy (0.32-3.2 mg/kg im) reduced the response rate in a dose-dependent fashion but did not affect response accuracy in either the acquisition or performance components of the same test. Pigeons given 0.32-5.60 mg/kg ecstasy immediately showed a decrease in accuracy and response rates in a delayed nonmatching-to-sample task, but no deficit in performance after chronic exposure (LeSage, Clark, & Poling, 1993) . In the same test, rats treated acutely with 10 mg/kg ecstasy showed cognitive impairment, whereas, after ascending doses over 3 days (10, 15 , and 20 mg/kg twice a day), there was some recovery of short-term memory (Marston, Reid, Lawrence, Olverman, & Butcher, 1999) . On the other hand, in rats given ecstasy (20 mg/kg sc twice a day for 4 consecutive days), the choice accuracy in a T maze was unaffected (Ricaurte et al., 1993) . No long-lasting impairment was seen in rats tested at least 2 weeks after increasing doses (10, 20, and 40 mg/kg sc twice a day for 3 days) in one-way or visually discriminated twoway avoidance tasks, swimming behavior, and the radial maze test (Seiden et al., 1993) . In addition, the performance of ecstasy-pretreated rats (10 mg/kg ip twice a day for 4 days) was remarkably normal in a spatial navigation task (Robinson, Castañeda, & Whishaw, 1993) . A deficit in passive avoidance retention has been reported in rats given the relatively high dose of 10 mg/kg ip (Barrionuevo, Aguirre, Del Rio, & Lasheras, 2000) .
The aim of the present study was to assess the acute effect of ecstasy in the eightarm radial maze, which is known to be an assay of spatial memory, by using two different paradigms: the classical version of the test and a modified version that introduced a 2-hr delay between the fourth and fifth choices. This test permits the simultaneous evaluation of working memory performance in terms of total number of errors, choice accuracy, and the learning strategy, which focuses on the pattern subjects follow in visiting all eight arms.
Method

Subjects
Male albino Wistar rats (Charles River, Calco, Como, Italy), aged 3 months at the beginning of the experiment, were used. The rats were housed 2 per cage, with free access to water, in an air-conditioned room (22 ± 2 °C), with a 12-hr lightdark cycle. All testing took place during the first half of the light period (between 0900 and 1300).
All the procedures followed the guidelines established by the Italian Council on Animal Care. The procedures were approved by Italian Government Decree No. 94/2000-A, and all efforts were made to minimize the number of subjects used and their suffering.
Procedure
Spontaneous locomotor activity and stereotypy.
Spontaneous locomotor activity and stereotypy were evaluated for 10 min in five groups of 8 naive rats, 20 min after an intraperitoneal injection of vehicle (saline) or ecstasy (1, 2, 3, and 4 mg/kg; Sigma-Aldrich, St. Louis, MO).
Spontaneous locomotor activity was evaluated as previously described (Braida, Pozzi, & Sala, 2000) in an activity cage (43 cm long × 43 cm wide × 32 cm high; Ugo Basile, Varese, Italy) placed in a sound-attenuating room. The cage was fitted with two parallel horizontal and vertical infrared beams located 2 and 6 cm from the floor, respectively. Cumulative horizontal movement counts were recorded for 10 min.
Stereotypy was evaluated according to the method of Creese and Iversen (1973) , with the following rating scale: 0 = asleep or stationary; 1 = active; 2 = predominantly active, but with bursts of stereotyped sniffing or rearing; 3 = stereotyped activity such as sniffing along a fixed path in the cage; 4 = stereotyped sniffing or rearing maintained in one location; 5 = stereotyped behavior in one location, with bursts of gnawing or licking; and 6 = continual gnawing or licking of the cage bars. Each animal was observed while spontaneous locomotor activity was being recorded.
Radial maze.
Working memory was studied in a computerized wooden eight-arm radial maze, previously described in Sala et al. (1991) . The 75.0 × 7.5-cm arms, each with 10-cmhigh white plastic side walls, radiated from a central 30-cm-wide octagonal platform that served as a starting base. Small plastic cups mounted at the end of each arm held 45-mg food pellets used as reinforcers. Access to the arms was controlled by eight pneumatically operated sheet-metal guillotine doors. The entire maze was painted black, elevated 50 cm from the floor, and placed in the center of a small room (2.5 m × 2.5 m) that was lit by fluorescent lights and fitted with several extramaze cues.
The subjects' behavior was monitored with a video camera (Model CCD, Securit Alarmitalia, Milan, Italy). Video signals were digitized and interfaced by a digital interface apparatus (512 × 512 pixels, Imaging Technology, Woburn, MA) and sent to a video monitor (Trinitron KX-14CP1, Sony, Japan). Image analysis and pattern recognition were done by a Delta System computer (Addonics, Fremont, CA) with software provided by Biomedica Mangoni (Pisa, Italy).
During each session, working memory was scored on the basis of the total number of errors, number of correct choices before the first error, and percentage of amnesic rats (number of rats making more than one error). At the same time, the pattern of arm entry was examined according to the method of McCann, Rabin, and Winter (1987) , which permits analysis of the angle chosen when a rat enters two consecutive arms. In the eight-arm radial maze, five possible angles exist: from 0°, which corresponds to reentry into the arm just visited, to 180°, which corresponds to entry into the arm directly opposite the one just visited. Angles of 45°, 90°, and 135° may also be observed. The first eight arm entries of a session were used in our analysis; however, because the first arm entry originates from the center of the maze, only seven angles were actually measured for each session. The frequency of each choice was calculated as (number of observations ÷ 7) × 100.
Experiment 1
Starting 2 weeks before the experiment, the rats' body weights were reduced by 15% by means of a restricted feeding schedule of standard rat chow (Harlan-Italy, Correzzana, Milan, Italy). The rats were kept at 85% of their free-feeding body weight for the duration of the experiment. After 3 days of free exploration, the rats were trained to complete the maze, as described by Sala et al. (1991) . Training continued at the rate of one trial per day until the rats reached the criterion of entering seven different arms in their first eight choices on 5 successive days. Rats that failed to fulfill this criterion within 30 days were discarded.
After reaching the criterion, the rats were given a daily intraperitoneal injection of saline to habituate them to injections before actual drug treatments and then tested in the maze. When a stable baseline responding in terms of total number of errors (0.25 ± 0.02) was obtained (a week at the most), the rats were divided in four groups of 8 subjects each. They were trained under the influence of increasing doses of ecstasy (1, 2, and 3 mg/kg ip), which had been found to have no effect on spontaneous motor activity or stereotypy, or saline 20 min before behavioral testing. The injections were always made at the same time (0900). Different drug schedules were tested on a single day, and the saline group was always present.
Experiment 2
Four additional groups of 8 rats each were trained, as described in Experiment 1, until they reached the criterion. Then, the effect of introducing a 2-hr delay between the fourth and fifth choices was assessed for 3 consecutive days, as described elsewhere (Braida, Ottonello, & Sala, 2000) . The 2-hr delay was chosen on the basis of a previous study (Braida & Sala, 1999) in which the worsening of performance was investigated in rats during a 5-240-min period. In addition, the increase in the number of errors with time has been reported to be exponential up to 120 min (Bolhuis, Bijlsma, & Ansmink, 1986) . Rats were allowed to randomly enter four arms to get the reward. Access to the other four arms was prevented by removing each rat from the maze. Two hours later, each rat was placed back on the center platform and allowed to complete the remaining four arms. Different treatments, saline or ecstasy (1, 2, or 3 mg/kg) were given intraperitoneally 20 min before the predelay test.
Analysis
After verifying normality (p > .10, normality test), the data were expressed as means (± SEM) and analyzed by one-way analysis of variance (ANOVA) for multiple comparisons, followed by Tukey's post hoc test. For nonparametric data (frequency and scores) the chi-square test or Kruskal-Wallis test, followed by Dunn's multiple comparison test, was used. All data were analyzed with Prism software (GraphPad, 1994) .
Results
Spontaneous Locomotor Activity and Stereotypy Figure 1 shows the mean number of horizontal activity counts after treatment with saline or ecstasy. The doses of 1, 2, and 3 mg/kg resulted in counts similar to those of saline, but the highest dose produced a significant increase in crossings, F(4, 35) = 4.43, p < .01; p < .05, Tukey's test. A slight but significant stereotypy response was observed only for the highest dose of ecstasy in comparison with saline, [chi] 2 (4, N = 35) = 28.80; p < .01, Kruskal-Wallis test; p < .01, Dunn's test.
Radial Arm Maze
Experiment 1.
To satisfy the criterion, training lasted 10-30 days, and the pretreatment of each group of rats was similar. Saline did not affect performance, which was about 90% of normal working memory (0.12 ± 0.07 total errors). The 1-and 2-mg/kg doses of ecstasy did not affect performance, assessed in terms of total number of errors, number of correct choices before the first error, and the percentage of amnesic rats. This last parameter was significantly higher at the highest tested dose (p < .05, chi-square test; see Figure 2 ). Figure 2 . Effect of 3,4 methylenedioxymethamphetamine (ecstasy) on short-term working memory expressed in terms of (top) mean (± SEM) total number of errors, (middle) mean (± SEM) number of correct choices before the first error, and (bottom) percentage of amnesic rats. The evaluation was made 20 min after treatment. Asterisk indicates a significant difference compared with saline treatment (*p < .05, chi-square test). Figure 3 shows the effects of ecstasy on the mean frequency of each of the five possible angles between consecutive arm entries. After training, 80% of the rats showed a tendency, which was not affected by saline or 1 mg/kg ecstasy, to enter an arm adjacent (45°) to the one they had just left: saline, F(4, 35) = 10.43, p < .01; p < .01, Tukey's test; ecstasy, F(4, 35) = 88.44, p < .01; p < .01, Tukey's test. There was a clear shift to right in the distribution of angles after 2 and 3 mg/kg ecstasy, in which the frequency of the angles was equally distributed. Compared with saline, 2 and 3 mg/kg ecstasy significantly reduced the tendency to enter an adjacent arm, F(3, 28) = 3.63, p < .05; p < .05, Tukey's test. 
Experiment 2.
All the rats were responding with near-perfect accuracy in the predelay (Choices 1-4) test (see Figure 4) . However, in the postdelay (Choices 5-8) test, ANOVA or chi-square found a difference between the groups for the total number of errors, correct choices, and amnesic rats: errors, F(7, 56) = 15.02, p < .01; correct choices, F(7, 56) = 8.43, p < .01; amnesic rats, p < .05 and p < .01, chi-square test. Post hoc comparisons showed that during the postdelay test, all groups performed worse than during the predelay period (1 mg/kg, p < .05; 2 mg/kg, p < .01; and 3 mg/kg, p < .01, Tukey's or chi-square test). Moreover, 3 mg/kg ecstasy significantly increased the number of total errors in comparison with saline and 1 mg/kg ecstasy (p < .01 and p < .05 respectively, Tukey's test) during the postdelay test. All the ecstasy doses significantly increased the percentage of amnesic rats in the postdelay test compared with saline (p < .05 and .01, chi-square test). Figure 4 . Effect of 3,4 methylenedioxymethamphetamine (ecstasy), given intraperitoneally 20 min before the test, on long-term working memory after a 2-hr delay between the fourth and fifth arm choices in the eightarm radial maze. Data were expressed in terms of (top) mean (± SEM) total number of errors, (middle) mean (± SEM) number of correct choices before the first error, and (bottom) percentage of amnesic rats. Dollar signs indicate a significant difference in the postdelay test compared with the corresponding treatment ( $ p < .05, $$ p < .01, $$$ p < .001); asterisks indicate a significant difference in the postdelay test compared with saline (*p < .05, **p < .01, ***p < .001); pound sign indicates a significant difference compared with 2 mg/kg ecstasy in the postdelay test (#p < .05, Tukey's or chi-square test).
During the predelay test, saline or ecstasy did not affect the tendency to enter an arm adjacent (45°) to one the rat was leaving, except for the highest dose, which slightly increased the choice of the 90° angle (data not shown).
The mean frequency of each of the five angles between consecutive arm entries during the postdelay test is shown in Figure 5 . The vehicle and 1-mg/kg ecstasy groups maintained the same pattern as during the predelay test, as the choice of 45° was significantly different from the other angles: vehicle, F(4, 35) = 7.72, p < .01; ecstasy, F(4, 35) = 13.37, p < .01; p < .01, Tukey's test. After 2 and 3 mg/kg ecstasy, a shift to right in the distribution of angles was clearly apparent, in which the frequency of choices of angles was equally distributed. 
Discussion
The principal finding of this study is that acute treatment with ecstasy, at doses that were found to have no effect on motor activity and stereotypy, significantly disrupted memory performance in rats only when a 2-hr delay was imposed between the fourth and fifth choices in a radial arm maze. However, these doses slightly influenced short-term working memory. This is the first demonstration of a long-term working memory deficit in rats using the radial maze test after acute ecstasy treatment. Seiden et al. (1993) reported no cognitive deficit when rats were tested in the radial maze 2 weeks after subchronic treatment with ecstasy (10, 20, 30 , and 40 mg/kg sc b.i.d.) for 4 consecutive days. In addition, rats given a single dose of 10 mg/kg performed at control level when tested in a spatial navigation task (Robinson et al., 1993) . The lack of memory deficit in these studies and the small deficit we found using the classical version of the radial maze task might reflect the schedule adopted, which is based on a short-term working memory evaluation. Amphetamine did not consistently affect accuracy in the radial maze task either at low (Beatty, Bierley, & Boyd, 1984) or at behaviorally active doses (Eckerman, Gordon, Edwards, MacPhail, & Gage, 1979) . Only when an amnesic state was induced with scopolamine did another amphetamine-derived psychostimulant, methamphetamine, slightly exacerbate some of the indices of spatial memory (Matsuoka, Maeda, Yamazaki, Ohkubo, & Yamaguchi, 1992) .
In our experiments, the introduction of a 2-hr delay worsened performance, which was aggravated in ecstasy-treated rats. Thus it seems worthwhile to make the test sensitive enough to detect the cognitive impairment with ecstasy: The operant schedules in which correct performance is thought to depend on learning and time estimation appear to be more sensitive to the acute effect of ecstasy than tasks thought to depend on short-term memory. In fact, increasing the delay in a delayed matching-to-sample procedure reduces the accuracy and the response rate in rats (Marston et al., 1999) , pigeons (LeSage et al., 1993) , and rhesus monkeys (Frederick & Paule, 1997) .
In spite of the mild impairment of performance with the classical version of the radial maze, analysis of the pattern of arm entries indicated a significant decrease in the frequency of 45° angle choices and increases in the frequency of 90°, 135°, and 180° angles, starting from 2 mg/kg ecstasy. The same flattening in the choices of angles was observed in rats submitted to a 2-hr delay. This pattern can be described as an increased tendency to straight-ahead locomotor activity or a decreased tendency to turn in the central area of the maze. A similar disruptive pattern in the radial maze test was described in rats after treatment with a serotonergic agonist, LSD (McCann, Rabin, & Winter, 1987) , suggesting an involvement of the serotonergic system in the ecstasy-induced cognitive deficit. This disruptive pattern might be related to the altered perception of spatial relationships, disorientation, confusion, and visual hallucinations described by novice ecstasy users and could account for the increased risk of accidents reported by more than 20% of the subjects (Morland, 2000) .
Because rats treated with 1, 2, and 3 mg/kg ecstasy in this study did not show any change in behavior, such as spontaneous motor activity or stereotypy, it can be concluded that there was specific memory impairment. Of special interest is the observation that the impairment was obtained at non-neurotoxic doses, whereas in other reports, ecstasy-induced memory impairment was found acutely at high doses or chronically at neurotoxic doses that deplete neocortical serotonin up to 70% (Robinson et al., 1993) . Though hypothetically there may be a serotonergic influence in the cognitive impairment caused by ecstasy, in light of the similarity of the disruptive pattern with ecstasy and LSD, the effects of ecstasy on cognition may not be mediated solely by 5-HT pathways, as the neural circuitry of learning and memory is complex and involves numerous brain structures including the hippocampus, cerebral cortex, and thalamus.
In summary, it appears that analysis of the pattern of arm entry in the classical version of the radial maze test provides a useful tool for the detection of the deleterious effects of ecstasy at doses devoid of stimulant effects, probably as a result of the drug's hallucinogenic properties.
